Abstract. Recent studies indicate a role of chymase in the regulation of angiotensin II (AngII) formation in cardiovascular and renal tissues. We investigated a possible contribution of chymase to AngII formation and to renal fibrosis in unilateral ureteral obstruction (UUO). Eight-week-old Syrian hamsters were subjected to UUO and treated with vehicle, the specific chymase inhibitor
Introduction
Congenital obstructive nephropathy is a leading cause of chronic renal failure in children and adolescents, nearly 50% of whom progress to end-stage renal disease (1) . Chronic ureteral obstruction also leads to tubulointerstitial fibrosis in adults (2) . Although multiple mechanisms contribute to the progression of renal injury induced by chronic ureteral obstruction, a potential role of the renin-angiotensin system (RAS) has been suggested. El-Dahr et al. (3) showed that angiotensin II (AngII) contents in the kidney were significantly increased in rats with chronic unilateral ureteral obstruction (UUO). In these animals, gene expression of the AngII AT 1 receptor and the binding affinity of AngII with AT 1 receptor in the kidney were also increased (4) . Treatment with AngII AT 1 -receptor blockers (5, 6) or angiotensin-converting enzyme (ACE) inhibitors (7, 8) is known to ameliorate UUO-induced renal injury in mice and rats. Other studies have shown that UUO-induced renal fibrosis is reduced in mice lacking angiotensinogen (9) or the AT 1a receptor (10) . However, the precise mechanisms responsible for the augmentation of intrarenal AngII are unclear.
A growing body of evidence indicates that the chymase-dependent (ACE-independent) pathway plays a critical role in forming AngII from AngI in cardiovascular and renal tissues (11, 12) . Murakami et al. (13) showed that 20% of the AngII in the renal cortex was produced by chymase in dogs. Furthermore, it has been demonstrated that intraarterial infusion of the chymase inhibitor (CI) chemostatin significantly decreased intrarenal AngII contents in the clipped kidney of twokidney, one-clip dogs (14) . Importantly, human studies showed that an increase in chymase expression in mast cells is associated with the severity of interstitial fibrosis in kidneys (15) . Collectively, these data show the potential contribution of chymase-dependent intrarenal AngII formation in the progression of renal injury.
In the present study, we investigated the possible role of chymase-dependent AngII formation in the pathogenesis of UUO-induced renal injury. Because the chymase-dependent AngII generating potency in humans is similar to that of hamster (12), we conducted studies in hamsters to examine the effects of a newly developed, orally active specific CI, 4-[1-(4-Methyl-benzo [b] thiophen-3-ylmethyl)-1H-benzimidazol-2-ylsulfanyl]-butyric acid, on intrarenal AngII levels and interstitial injury induced by UUO. We hereby demonstrated that treatment with CI prevented the development of ureteral obstruction-induced renal fibrosis with potent inhibition of renal AngII production.
Materials and Methods

Animal preparation
All experimental procedures were performed under the guidelines for the care and use of animals as established by the Kagawa University Medical School. Male Syrian hamsters (Japan SLC, Shizuoka), aged 6 -7 weeks and weighing 95 -110 g, underwent left proximal UUO or sham operations under sodium pentobarbital anesthesia (50 mg/kg, i.p.; Dainippon Pharmaceutical, Osaka). Hamsters were randomly treated for 2 weeks with one of the following combinations: shamoperation + vehicle (carboxymethyl cellulose sodium salt; Nacalai Tesque, Kyoto) (n = 7); UUO + vehicle (n = 10); UUO + CI (50 mg/kg, twice a day, p.o.; Teijin Pharma, Tokyo) (n = 10); or UUO + an AT 1 -receptor blocker, olmesartan (10 mg/kg per day, p.o.; DaiichiSankyo, Tokyo) (n = 10). Preliminary pharmacokinetic data showed that twice-daily oral administration of CI at 50 mg/kg (100 mg/kg per day) was appropriate to obtain a sufficient plasma-unbound concentration (above 20 nM) in hamsters (K i value for hamster chymase is 9.85 nM, our unpublished data). Thus, the dose of CI used in the present study was sufficient to inhibit hamster chymase activity in vivo.
At the end of the 2-week treatment, blood and kidney samples were obtained in a chilled tube after decapitation. Half of the obstructed left kidney was collected for determination of AngII level and part of the left kidney was fixed in 10% formalin for histological examination. The AngII level in the kidney was measured by radioimmunoassay as described previously (16) . The remaining tissues were prepared for protein or mRNA extraction (17) . Blood urea nitrogen (BUN) was measured by using a commercially assay kit (BUN-test-Wako; Wako Pure Chemical, Osaka).
Systolic blood pressure and heart rate
Because it is impossible to perform tail-cuff blood pressure measurement in hamsters, conscious arterial blood pressure was measured directly from the femoral artery after the 2-week treatment period in a separate group of hamsters (n = 5 for each group). Under sodium pentobarbital anesthesia (50 mg/kg, i.p.), a polyethylene catheter (PE-10 connected to PE-50; Becton Dickinson, Franklin Lakes, NJ, USA) was placed in the femoral artery at a week before starting the treatment. The catheter was filled with heparinized saline (100 IU/mL), and exteriorized through a cutaneous tunnel at the back of the neck after confirmation of their tip locations by pressure tracings. The femoral arterial catheter was connected to a pressure transducer (model 361; NECSan-ei, Tokyo). Heart rate was triggered by the blood pressure pulse wave form.
Histological examination
Kidneys were fixed with 10% formalin (pH 7.4), embedded in paraffin, and sectioned into 3-μm slices. The severity of tubulointerstitial fibrosis was assessed by automatic image analysis of the renal medulla occupied by interstitial tissue staining positively for collagen in Azan-stained sections (18, 19) . Sections were also used for α-smooth muscle actin (SMA) immunohistochemistry with a commercially available antibody against α-SMA (Sigma, St. Louis, MO, USA) (19, 20) . Enhanced expression of α-SMA is a marker for interstitial phenotypic changes in renal fibrosis, and the activated interstitial cells are known as myofibroblasts (2) . Immunohistochemistry was performed using a robotic system (Dako Autostainer, Carpinteria, CA, USA) (19) . For each microscopic field, the Azan staining-or α-SMA-positive area was automatically calculated by the software and the affected area was divided by the total area of the microscopic field, as previously described (19) . Ten consecutive microscopic fields were examined for each hamster and the averaged percentages of positive lesions were obtained for each animal.
Western blotting
Protein levels of ACE and AT 1 receptor in renal tissues were analyzed by western blotting. Briefly, protein samples were separated by 8% or 10% polyacrylamide gel electrophoresis and then transferred to a nitrocellulose membrane. The membrane was incubated with a polyclonal anti-ACE antibody (1:400; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) or a polyclonal anti-AT 1 receptor antibody (1:1,000; Santa Cruz Biotechnology, Inc.), followed by incubation with a horseradish peroxidase-conjugated secondary antibody (for ACE: donkey anti-goat IgG, 1:1,000; Santa Cruz Biotechnology Inc.; for AT 1 receptor: goat anti-rabbit IgG, 1:1,000; Cell Signaling Technology, Inc., Beverly, MA, USA). Membranes were reprobed with an antibody against β-actin (Sigma). All values were normalized by arbitrarily setting the integrated densitometric values of sham + vehicle hamsters to 1.0 after normalization to β-actin.
Reverse transcription-PCR
The mRNA levels of 18S ribosomal RNA (18S), α-SMA, type I collagen, and transforming growth factor (TGF)-β were analyzed by Real-time PCR using a GeneAmp ® 5700 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). Amplifications were carried out in a total volume of 20 μL containing each primer at 0.1 μM, 10 μL SYBR ® Green PCR Master Mix (Applied Biosystems), and 2 μL of diluted cDNA. The PCR conditions were: 2 min at 50°C and 10 min at 95°C, followed by 40 cycles with denaturing for 15 s at 95°C and annealing and extension for 1 min at 60°C. The relative quantitative values of the transcripts were obtained using the comparative Ct method, as described elsewhere: Relative Quantitation of Gene Expression [User Bulletin No. 2], from Applied Biosystems. All data are expressed as the relative differences between sham operation + vehicle hamsters and UUO hamsters, UUO + CI or UUO + olmesartan after normalization to 18S expression. Table 1 presents the sequences of the primers used for the respective genes.
Statistical analyses
Values are presented as means ± S.E.M. Statistical comparisons of differences were performed using oneway analysis of variance for repeated measures combined with the Newman-Keuls post hoc test. Values of P<0.05 were considered statistically significant.
Results
Systolic blood pressure and heart rate
Blood pressure and heart rate after the 2-week treatment were measured directly from the femoral artery (Table 2 ). There were no differences in systolic blood pressure, mean blood pressure, diastolic blood pressure, or heart rate between sham-operated and UUO hamsters. Treatment with CI or olmesartan for 2 weeks had no significant effects on systolic blood pressure or heart rate compared with vehicle-treated UUO hamsters.
Body and kidney weights and blood urea nitrogen
Body and kidney weights after the 2-week treatment are summarized in Table 3 . All UUO groups had lower body weight compared with the sham group. Obstructed left kidney weight and left kidney/body weight ratio were lower in vehicle-treated UUO hamsters than sham- Detailed information of PCR conditions are described in the Methods section. Table 2 . Effects of CI (100 mg/kg per day) and olmesartan (10 mg/kg per day) on systolic blood pressure (SBP), diastolic blood pressure (DBP), and heart rate (HR) in UUO hamsters operated hamsters. In contrast, the contralateral right kidney weight and right kidney/body weight ratio were higher in vehicle-treated UUO hamsters than shamoperated hamsters, possibly for compensation of dysfunctional obstructed kidney. In UUO hamsters, treatment with CI or olmesartan tended to increase the left kidney weight and left kidney/body weight ratio; however, these changes were not statistically significant (Table 3) . Neither treatment with CI nor olmesartan affected right kidney weight and right kidney/body weight ratio. UUO increased the BUN in either vehicletreated (22.8 ± 1.0 mg/dL) or CI-or olmesartan-treated (CI: 22.5 ± 1.2 mg/dL, olmesartan: 21.9 ± 1.0 mg/dL) hamster compared with that in sham-operated hamsters (14.6 ± 0.7 mg/dL), and there was no difference in the BUN between the UUO hamsters.
Histological findings
The interstitial histological findings with Azan staining of obstructed kidney are shown in Fig. 1A . UUO led Immunohistochemistry with an α-SMA antibody of the obstructed kidney is shown in Fig. 1B . In shamoperated hamsters, α-SMA was observed only on the blood vessel walls. However, the vehicle-treated UUO group had markedly increased α-SMA staining in the medullary interstitium. Treatment with CI or olmesartan attenuated, to a similar level, the UUO-induced increase in the α-SMA-positive area.
Ang II contents and protein expression of ACE and AT 1 receptor Vehicle-treated UUO hamsters showed markedly increased AngII content in the obstructed kidney (168 ± 7 vs. 1156 ± 154 fmol/g, Fig. 2A ) compared with the sham-operated hamsters. In contrast, ACE protein expression was significantly lower in the obstructed kidney of vehicle-treated UUO hamsters (51 ± 9% of sham, Fig. 2B ). UUO induced a 2.5 ± 0.1-fold higher renal AT 1 -receptor protein expression compared with sham operation (Fig. 2C) . Treatment with CI or olmesartan attenuated the UUO-induced increases in renal AngII levels (530 ± 100 and 488 ± 90 fmol/g, respectively). However, neither CI nor olmesartan altered ACE or AT 1 receptor protein levels in the kidney of UUO hamsters.
Gene expression of α-SMA, TGF-β and type I collagen in renal tissues
The gene expression of α-SMA, TGF-β and type I collagen in the obstructed kidney are represented in Fig. 3 . Compared with the sham-operated hamsters, UUO increased the mRNA levels of α-SMA, type I collagen, and TGF-β by 9.6 ± 0.2-, 25.8 ± 4.1-, and 3.2 ± 0.6-fold, respectively. Treatment with CI or olmesartan significantly decreased the mRNA levels of α-SMA (−47 ± 5% and −48 ± 4%, respectively), type I collagen (−39 ± 3% and −38 ± 4%, respectively), and TGF-β (−34 ± 5% and −31 ± 5%, respectively). 
Discussion
Chronic UUO is a well established model of experimental renal injury characterized by interstitial fibrosis (21) , and renal RAS has been implicated in the development of renal interstitial fibrosis (22, 23) . In fact, the present study showed that UUO-induced interstitial fibrosis is associated with an increase in intrarenal AngII level and AT 1 -receptor expression in hamsters, which is consistent with a previous finding that UUO for 5 weeks increases kidney AngII contents in young rats (3) . Furthermore, in the present study, the AT 1 -receptor blocker significantly alleviated the UUO-induced renal injury. Collectively, our data using hamsters support the hypothesis proposed in earlier studies in mice and rats (3 -10) that RAS activation plays a critical role in the pathogenesis of UUO-induced renal injury. However, despite considerable evidence for the involvement of renal RAS in UUO-induced injury, the effect of ACE on UUO-induced injury is still controversial. The improvement of renal fibrosis was obtained by 5-or 10-day treatment with an ACE inhibitor (enalapril) in UUO animals (7, 8) . However, Turan et al. (24) reported that treatment with enalapril for 14 days has no effect on the renal injury induced by UUO. This discrepancy may depend on the experimental conditions, such as duration of treatment and/or doses of ACE inhibitors. However, it is also possible that an alternative ACE-independent RAS activating pathway contributes to the pathogenesis of UUO-induced renal injury. Chymase, a chymotrypsinlike serine protease, is synthesized in mast cells, endothelial cells, and mesenchymal cells; it is secreted directly into the interstitium and contributes for up to 60% -80% of AngII synthesis in the human heart (25, 26) . Chymase activity is inactivated in blood immediately after being released, indicating that chymase has enzymatic activity only in tissues (11, 17) . The high AngII-generating potency of chymase is welldocumented in humans, monkeys, dogs, and hamsters, but is much higher than that in mice and rats (12, 17, 27) . In the present study, we observed a significant augmentation of renal AngII level and a reduction of renal ACE protein expression in the obstructed kidney of hamsters. Furthermore, treatment with a specific CI significantly decreased the kidney AngII contents and ameliorated the interstitial fibrosis, but had no effects on arterial blood pressure in hamsters subjected to chronic UUO. These data suggest that chymase-dependent intrarenal AngII formation rather than ACE-dependent AngII formation contributes to the pathogenesis of UUO-induced renal fibrosis in hamsters.
We observed similar beneficial effect against UUOinduced renal injury and increase in renal AngII content either by CI or olmesartan. However, the mechanism by which each drug suppressed the UUO-induced renal AngII content would be different. We and another group have previously shown that AngII that is filtered from glomeruli is internalized into tubular cells, especially proximal tubular cells, via the AT 1 receptor-mediated endocytosis (28 -30) . The accumulation of internalized AngII stimulates the transcription of angiotensinogen that can induce further increase in AngII content in the kidney (28 -30) . Thus, it could be speculated that the decrease in renal AngII level by olmesartan in the present study results from the prevention of AT 1 receptor-mediated AngII internalization and subsequent accumulation of AngII in the kidney.
El-Dahr et al. (3) showed that intrarenal ACE activity is increased by chronic UUO in young rats. However, we observed a significantly reduced expression of renal ACE protein in UUO hamsters. The reasons for these discrepancies are not clear; however, there may be differences between species and in the enzymes responsible for AngII generation in the kidney. It has been suggested that the AngII-generating potency of chymase in rats is much lower than that in either hamsters or humans (11, 12, 26) . Because techniques for measuring the chymase activity in the kidney of hamsters are limited, direct evidence of renal chymase activity is not shown in the present study. However, treatment with a specific CI and an AT 1 -receptor blocker showed similar protective effects against UUO-induced renal injury in hamsters, effects that were associated with decreased kidney AngII levels. Thus, it seems likely that the chymase-dependent pathway contributes substantially to AngII production and renal injury in hamsters.
Vuruskan et al. (31) reported that patients with ureteral stones exhibited increased plasma TGF-β levels. Consistent with previous animal studies performed in mice and rats (5, 10, 32) , our data showed that UUOinduced renal fibrosis was associated with increased expression of α-SMA, type I collagen, and TGF-β in hamsters. Shin et al. (33) reported that the suppression of angiotensinogen expression by using an antisense method significantly inhibited the augmentation of TGF-β expression level in the kidney of UUO rats. We also observed that treatment with a specific CI or an AngII-receptor blocker similarly attenuated UUOinduced renal fibrosis and increases in renal expression of α-SMA, type I collagen, and TGF-β. Because the effects of a CI on expression of these genes were accompanied by reductions in intrarenal AngII levels, chymase-dependent AngII formation may contribute to the stimulation of these fibrotic pathways during the progression of UUO-induced renal injury.
Mice that have systemic human renin overexpression with kidney-specific human angiotensinogen overexpression developed hypertension (34) , indicating that enhancement of local (renal) AngII production induced significant blood pressure elevation. The evidence could be inconsistent with our present result showing no blood pressure change with the increase in renal AngII level in UUO hamsters. However, there are reports showing that the increase in AngII level in the kidney is not correlated with blood pressure changes, for example, in streptozotocin-induced diabetic nephropathy mice (35) and in IgA nephropathy model mice (36) . Thus, evidence shows the increase in AngII level in the kidney is associated with renal injury, but is not correlated with blood pressure elevation. Physiologically, AngII induced constriction of renal vasculature and enhanced sodium reabsorption (37) . In contrast, AngII stimulated nitric oxide production, a molecule that inhibits sodium reabsorption (38) , in medullary thick ascending limb (37) . Because blood flow and tubules tightly regulate sodium balance of each other (39) , it seems likely that AngII in the kidney regulates blood pressure by highly complicated mechanisms, an acceleration of sodium reabsorption in vessels, and an inhibition of sodium reabsorption in tubules. Thus, we can speculate about whether the effect of AngII on blood pressure is determined by the part of the kidney responsible for increasing the AngII level. Because it is, so far, technically difficult to analyze the location of AngII accumulation in vivo, future studies need to characterize the role of renal AngII in each pathological condition.
UUO elevated the blood urea nitrogen level, suggesting aggravated glomerular filtration. Although the protective effects of the drugs were strong in the renal medulla,like those shown in Fig. 1, treatments with CI or olmesartan were ineffective on the elevation of BUN. RAS may not be responsible for the reduction of glomerular function in the UUO hamster model.
To the best of our knowledge, the present study provides the first evidence that shows the contribution of chymase-dependent AngII formation on the progression of UUO-induced renal injury. Among different species, the AngII-generating potency of chymase is highest in humans (11, 12, 31) . Therefore, CIs might help prevent the progression of renal fibrosis in humans. Further studies are needed to elucidate the specific role of chymase in the pathogenesis of renal injury.
